Introduction {#sec1-1}
============

Peripheral nerve injury is usually followed by Wallerian degeneration as well as neuronal apoptosis (Wang et al., 2012b). Thus, even if we could repair the injured peripheral nerve, various factors, especially those responsible for neuronal apoptosis, could prevent the satisfactory recovery of the injured peripheral nerve. So, how to prevent neuronal death at an early stage so as to promote the recovery of injured nerves is a hot issue at present.

One of the most important factors for apoptosis is free radicals, especially oxygen radicals. More recently, it has been shown that reactive oxygen species generated in injured peripheral nerves could increase lipid peroxidation, which alters enzymes and structural proteins, directing the cell toward an apoptotic pathway (Casares et al., 2012). Edaravone is a potent free radical scavenger of hydroxyl radicals (Watanabe et al., 2008; Lapchak, 2010; Kikuta et al., 2013). Edaravone is currently widely used in neurology departments for recovery from cerebral infarctions in humans (Ikeda et al., 2013). It was reported that edaravone can attenuate peripheral nerve injury induced by ischemia/reperfusion (Iida et al., 2009). Furthermore, an analgesic effects of edaravone on neuropathic pain in rats was demonstrated (Mao et al., 2009). Hence, little is known about the therapeutic role of edaravone in peripheral nerve injury caused by mechanical factors. The objective of the present study was to study the effect of edaravone following peripheral nerve injury caused by mechanical factors by making a rat model of sciatic nerve injury.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Thirty-six clean healthy adult Sprague-Dawley rats, weighing 185 ± 10 g, irrespective of gender, were provided by the Animal Experimental Center of Dalian Medical University, China (license No. SCXK (Liao) 2012-0002). During the trial period, standard laboratory conditions of Dalian Medical University were provided in a 12-hour light/dark cycle, at 20--22°C. The feeding and management conditions were the same for all rats. The rats were given as much food and water as they could consume and food and water were delivered by the same breeder. Until execution, all operative incisions on the rats healed well. Animal experiments were approved by the Animal Ethics Committee of Dalian Medical University, China. A total of 36 rats were assigned equally and randomly to a sham surgery group, a model group and an edaravone group.

Establishment of the injured sciatic nerve model {#sec2-2}
------------------------------------------------

Chloral hydrate (10%) was administered intraperitoneally for anesthesia at a dose of 350 mg/kg. After shaving and preparing the operation area at the right hip of a rat with 5% iodine, the rat was placed in the prone position. The sciatic nerve was exposed by opening the fascial plane between the gluteal and femoral musculature *via* a longitudinal incision. Following the dissection of the gluteus maximus, the right sciatic nerve was exposed. Hemostatic forceps were used to crush the mid-point of right sciatic nerve three times, each time for 10 seconds, with an interval of 10 seconds. Similar methods have been previously reported (Gao et al., 2008; Cheng et al., 2013; Suslu et al., 2013). Then, we marked the injured area of the sciatic nerve with a micro-suture. Acute blunt sciatic nerve injury was induced by the sciatic nerve crush technique, which allowed us to perform a standard direct trauma in each rat, and which also resulted in a lesion similar to those seen in patients with peripheral nerve injury. Paralysis of the right shank and right foot of rats indicated successful modeling. All surgeries were performed by the same investigator using the same forceps at the same position of the sciatic nerve (10 mm distal to the sciatic notch). In the sham surgery group, after the sciatic nerves were exposed, we only gave the sciatic nerve a simulative traction.

Drug administration {#sec2-3}
-------------------

In the edaravone group, after making the injured sciatic nerve model, we administered rats edaravone (chemical name: 3-methyl-1-phenyl-2-pyrazolin-5-one, chemical formula: C~10~H~10~N~2~O, Jiangsu Simcere Pharmaceutical Co., Ltd., license No. H20031342) at a dose of 3 mg/kg per day, intraperitoneally, for 2 weeks. The required amount of edaravone was diluted with normal saline to a total volume of 1 mL. In the model group, we administered rats intraperitoneally 1 mL of saline per day for the same period.

General assessment {#sec2-4}
------------------

At 2 weeks after modeling, we performed a general assessment. The general assessment included: fur loss and palsy of the right lower extremity, gait and limb activity of rats, areflexia of claw-spreading and muscular atrophy.

Measurement of the sciatic functional index {#sec2-5}
-------------------------------------------

At 1 and 2 weeks after modeling, the following method was used to test sciatic function in the rats. This method describes an index based on measurements of the footprints of walking rats, and provides a reliable and easily quantifiable method for evaluating the functional condition of the sciatic nerve (Koka and Hadlock, 2001). For this test, the rats, whose plantar hind feet were dyed with blue ink, were trained to walk over a white sheet of paper covering the bottom of a 50-cm-long, 10-cm-wide box. The rat footprints were used to determine the following measurements: distance from the heel to the third toe \[print length (PL)\], distance from the first to the fifth toe \[toe spread (TS)\], and distance from the second to the fourth toe \[intermediary toe spread (ITS)\]. These three measurements were obtained from both the experimental (E) and normal (N) sides of the animal. Bilateral footprints were clearly measured and recorded once a week, and the parameters were put into the sciatic functional index formula as follows: sciatic functional index = −38.3(EPL --NPL)/NPL + 109.5(ETS -- NTS)/NTS + 13.3(EITS -- NITS)/NITS − 8.8. The result obtained was considered a functional index of the sciatic nerve, where the normal value is 0. When the sciatic nerve was totally denervated, the value of the sciatic functional index is −100.

Specimen collection {#sec2-6}
-------------------

At 2 weeks after modeling, the sciatic nerve was exposed again in the same way as mentioned above. Specimens of the sciatic nerve tissue at the point 1 cm away from the injured site were obtained. The sciatic nerve tissue was stored at −70°C after being washed with brine ice. The heart was exposed and then a catheter was inserted into the left ventricle, through which normal saline was constantly injected until the liquid flowing out from the auricula dextra was clear. The rats were transcardially fixed with 4% paraformaldehyde for 24 hours. The L~4--6~ spinal cord was obtained and fixed in 10% paraformaldehyde buffer solution for 24 hours, dehydrated in an ethanol series, and embedded in paraffin. After that, 5-mm thick sections including spinal cord were collected for immunohistochemical staining.

Measurement of superoxide dismutase activity and malondialdehyde level in rat sciatic nerve by spectrophotometry {#sec2-7}
----------------------------------------------------------------------------------------------------------------

Preparation of 10% sciatic nerve tissue homogenate: superoxide dismutase test kit was purchased from Nanjing KeyGEN Biotech. Co., Ltd., China. Superoxide dismutase activity was measured using the xanthine oxidase test (Su et al., 2003; Liu and Lei, 2013; Zhou and Zheng, 2013). Superoxide dismutase activity in tissue homogenate was calculated as follows: superoxide dismutase activity (U/mg) = \[(absorbance of the control tube − absorbance of the test tube)/absorbance of the control tube\]/50% × (total volume of the reaction liquid/the volume of the sample)/protein content of the tissue (mg/mL).

Preparation of 10% sciatic nerve tissue homogenate: An malondialdehyde test kit was purchased from Nanjing KeyGEN Biotech. Co., Ltd. Using thibabituric acid as the substrate, the malondialdehyde level was measured. The product of the condensation reaction between malondialdehyde and thibabituric acid has a maximum absorption at 532 nm by spectrophotometer (Shanghai Jingke Industrial Co., Ltd., China) (Rahmat et al., 2004; Grotto et al., 2007; Candan and Tuzmen, 2008).

Immunohistochemistry of apoptotic factors Bcl-2 and Bax expression in L~4--6~ spinal anterior horn cells of rats {#sec2-8}
----------------------------------------------------------------------------------------------------------------

The paraffin sections of rat L~4--6~ spinal anterior horn were dewaxed with xylene, dehydrated in an ethanol series, and incubated with 3% hydrogen peroxide solution for 30 minutes at room temperature to block endogenous peroxidase activity. After cleaning the sections with distilled water, a microwave was used for tissue antigen retrieval. The buffer solution was cooled and the section was taken out. The sections were cleaned with distilled water, and put into PBS for 5 minutes. After PBS was wiped off, the appropriate amount of sheep serum was added into the section at room temperature for 30 minutes. After removal of the serum, the sections were incubated with rabbit anti-rat Bcl-2 monoclonal antibody (1:100; Nanjing KeyGEN Biotech. Co., Ltd.) and rabbit anti-rat Bax monoclonal antibody (1:100; Nanjing KeyGEN Biotech. Co., Ltd.) at 4°C overnight. The sections were placed at room temperature for 30 minutes, and rinsed with PBS (pH 7.4) three times, each for 5 minutes. After removal of PBS, the sections were incubated with goat anti-rabbit IgG (1:100; Nanjing KeyGEN Biotech. Co., Ltd.) at 37°C for an hour and a half, and rinsed three times with PBS (pH 7.4), each for 5 minutes. After removal of PBS, the sections were visualized with 3,3′-diaminobenzidine (Beijing Zhongbin Biotech. Co., Ltd.), and observed under a microscope to visualize development of color. Following rinsing with distilled water and running water successively, the sections were counterstained with hematoxylin, permeabilized with xylene, mounted with resin, and treated with a decreasing ethanol series. Particles that were specifically stained on a clear background under a light microscope (Carton optical microscope, Ningbo, Zhejiang Province, China) represented Bcl-2 and Bax labelling, and the cell nucleus was dyed blue. Light microscopy images were collected using an Image Acquisition System (Neusoft, Dalian, Liaoning Province, China). Three 200-fold fields were randomly selected in each section; the amount of positive cells per hundred cells was counted, and the average value was calculated using the Image Acquisition System.

Statistical analysis {#sec2-9}
--------------------

Data were presented as the mean ± SD and were analyzed using SPSS 16.0 (SPSS, Chicago, IL, USA). Statistical significance was determined by one-way analysis of variance followed by Tukey\'s *post hoc* test. A value of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Edaravone improved the behavior of rats following mechanical peripheral nerve injury {#sec2-10}
------------------------------------------------------------------------------------

The general assessment of rats in the sham surgery group at 2 weeks after modeling was almost the same as before surgery: the muscle strength of the right foot and toes and reflex of the claw-spreading, as well as the appearance of fur and muscle on the right lower extremity were normal. Two weeks after modeling, complete palsy of the right foot and toes, areflexia of the claw-spreading, as well as fur loss and neuralgic amyotrophy on the right lower extremity were seen in rats in the model group. The symptoms mentioned above improved in the rats in the edaravone group.

The sciatic functional index of animals in the sham surgery group after 14 days was almost the same as that before surgery, which was nearly normal. After 2 weeks of edaravone administration, the sciatic functional index in rats with sciatic nerve injury increased (*P* \< 0.05), and their footprints became clearer ([**Figure 1**](#F1){ref-type="fig"}), revealing that edaravone improves the right lower extremity function of rats whose right sciatic nerve is mechanically injured.

![Effect of edaravone on the sciatic functional index of rats with mechanical peripheral nerve injury.\
(A--E) The right footprint of normal rats, rats in the model group at 1 and 2 weeks after modeling, and rats in the edaravone group at 1 and 2 weeks after modeling. (F) Sciatic functional index in the model, edaravone and sham surgery groups. The result obtained was considered a functional index of the sciatic nerve, whose normal value is 0. When the sciatic nerve is totally denervated, the value of sciatic functional index is --100. Data were presented as the mean ± SD, and there were 12 rats in each group. \#*P* \< 0.05, *vs*. model group. Statistical significance was determined by one-way analysis of variance followed by Tukey\'s *post hoc* test.](NRR-9-1709-g001){#F1}

Edaravone increased superoxide dismutase activity and malondialdehyde level in the sciatic nerves of rats with mechanical peripheral nerve injury {#sec2-11}
-------------------------------------------------------------------------------------------------------------------------------------------------

Spectrophotometry results showed that, after 2 weeks of edaravone administration, the superoxide dismutase activity was increased (*P* \< 0.05), but the malondialdehyde level was decreased in rats with sciatic nerve injury (*P* \< 0.05; [**Figure 2**](#F2){ref-type="fig"}).

![Effect of edaravone on superoxide dismutase (SOD) activity and malondialdehyde (MDA) level in the sciatic nerves of rats with mechanical peripheral nerve injury.\
Data were presented as the mean ± SD, and there were 12 rats in each group. \**P* \< 0.05, *vs*. sham surgery group; \#*P* \< 0.05, *vs*. model group. Statistical significance was determined by one-way analysis of variance followed by Tukey\'s *post hoc* test.](NRR-9-1709-g002){#F2}

Effect of edaravone on expression of the apoptotic factors Bcl-2 and Bax in the L~4--6~ spinal anterior horn cells of rats with mechanical peripheral nerve injury {#sec2-12}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

Immunohistochemical staining revealed that, after 2 weeks of edaravone administration, Bcl-2 expression was increased (*P* \< 0.05), but Bax expression was decreased in L~4--6~ spinal anterior horn cells in rats with sciatic nerve injury (*P* \< 0.05; [**Figure 3**](#F3){ref-type="fig"}).

![Effect of edaravone on expression of the apoptotic factors Bcl-2 and Bax in the L~4--6~ spinal anterior horn cells of rats with mechanical peripheral nerve injury (immunohistochemistry staining).\
(A) Expression of Bcl-2 and Bax in anterior horn cells of L~4--6~ spinal cord segments (light microscope, × 200). Arrows indicate positive cells. (B) Amounts of Bcl-2- and Bax-positive cells among anterior horn cells of L~4--6~ spinal cord segments. Data were presented as the mean ± SD, and there were 12 rats in each group. \**P* \< 0.05, *vs*. sham surgery group; \#*P* \< 0.05, *vs*. model group. Statistical significance was determined by one-way analy-sis of variance followed by Tukey\'s *post hoc* test.](NRR-9-1709-g003){#F3}

Discussion {#sec1-4}
==========

Edaravone is used to treat many diseases, such as acute cerebral infarction and ischemia/reperfusion-induced nerve injury, through scavenging free radicals. Hence, we deduced that edaravone could also be applied to the treatment of mechanical peripheral nerve injury. In the present study, we evaluated the effect of edaravone on a peripheral nerve injury caused by mechanical factors in a rat sciatic nerve injured by hemostatic forceps. This model was chosen because it was verified that these forceps could be used to establish mechanical peripheral nerve injury models (Xu and Li, 2008; Bauder and Ferguson, 2012; Wang et al., 2012a). This study confirmed that edaravone improved the general condition, lowered malondialdehyde levels and Bcl-2 expression, and enhanced superoxide dismutase activity and Bax expression after 2 weeks of administration, indicating that edaravone can promote recovery from mechanical peripheral nerve injury at an early stage.

Complete palsy of the right foot and toes, areflexia of the claw-spreading, as well as fur loss and muscular atrophy on the right lower extremity indicate the loss of any neurotrophic effect owing to denervation of sciatic nerves after injury (Wang et al., 2004). In particular, muscular atrophy, which is mainly caused by motor nerve injury (Zhao et al., 2012), can be observed quite obviously. After two weeks of edaravone treatment, the symptoms mentioned above had improved. Several studies have provided evidence that edaravone exhibits a neuroprotective effect by enhancing the expression of brain-derived neurotrophic factors (Lee et al., 2010; Wang et al., 2013). Moreover, edaravone can increase the expression of nerve growth factor in human astrocytes subjected to hypoxia/reoxygenation (Yoshida et al., 2010). Hence, based on the above result, it is possible that edaravone has a neurotrophic effect on sciatic nerve injured by mechanical factors. The sciatic functional index is a direct behavioral indicator for sciatic nerve functional recovery and has long been the standard method for assessing motor recovery in rat sciatic nerve models (Kaplan et al., 2014; Tamaddonfard et al., 2014). In the second week after injury, the sciatic functional index of the edaravone group rats was better than that of the model group, indicating an effect of edaravone on functional recovery following sciatic nerve injury.

Superoxide dismutase is an antioxidant enzyme that can reduce products of lipid peroxidation such as malondialdehyde (Ghyasi et al., 2012; Di Cesare Mannelli et al., 2013; Gao et al., 2013). Lipid peroxidation products can induce upregulation of reactive oxygen species formation (Ambrozova et al., 2011). Under physiological conditions, superoxide dismutase is effectively able to dismutate superoxide anion free radical into hydrogen peroxide and dioxygen; as a result, the toxic effect of the superoxide anion free radical on cells is eliminated. Superoxide dismutase is often used to evaluate the free radical scavenging ability of medicines as well as to attenuate oxidative damage such as radiation-induced lung injury in mice (Pan et al., 2012; Xu et al., 2012). Malondialdehyde, a degraded product of lipid peroxidation, can also produce cytotoxicity (Yang et al., 2014). Compared with other sources of lipid peroxidation, malondialdehyde has a longer life span. Hence, changes in malondialdehyde levels and superoxide dismutase activity are indicators of the degree of lipid peroxidation and, therefore, reflect the severity of tissue damage (Ye et al., 2011; Turkoglu et al., 2012). Edaravone has potent radical scavenging activity (Kamogawa and Sueishi, 2014). Edaravone can eliminate hydrogen oxide radicals that trigger lipid peroxidation and subsequently inhibit the initiation and progression of lipid peroxidation induced by hydrogen peroxide radicals (Gutteridge, 1984). Our data revealed that edaravone significantly lowered malondialdehyde levels and enhanced superoxide dismutase activity in sciatic nerve tissue. This finding suggests that edaravone could promote recovery following mechanical sciatic nerve injury in rats, at the early stage, by scavenging free radicals and inhibiting lipid peroxidation.

Bax and Bcl-2 are two important members of the Bcl-2 gene family involved in the regulation of cellular apoptosis at an early stage (Gillies and Kuwana, 2014; Mignard et al., 2014). *In vivo* manipulation of their expression has identified Bcl-2 protein as an anti-apoptosis factor for the early stage of apoptosis (Hockenbery et al., 1990; Niture and Jaiswal, 2012), while the Bax protein is an pro-apoptosis factor (Yang and Korsmeyer, 1996). Experimental evidence suggests that Bcl-2 protein must be in equilibrium with Bax protein in most cells. Drugs stabilizing this equilibrium can keep cells alive (Korbakis and Scorilas, 2012). On the contrary, drugs shifting the equilibrium toward free Bax can induce apoptosis. Studies using nerve cells (Zhao et al., 2013) and animal models (Shimoda et al., 2012) have shown that edaravone can prevent apoptosis, findings that have already been applied to the treatment of many diseases such as Parkinson\'s disease and cardiovascular disease (Kikuchi et al., 2013; Li et al., 2013). The results of our study suggested that edaravone exerts a neuroprotective effect against behavioral functional loss after sciatic nerve injury at an early stage, which is partly mediated through inhibition of Bcl-2/Bax apoptotic pathways by suppressing Bax protein overexpression and increasing the level of Bcl-2 protein. What is more, oxidative stress can accelerate the apoptotic process (Zhao and Wang, 2012; Deramaudt et al., 2013; Walluscheck et al., 2013; Zhou et al., 2013). Hence, edaravone slows down the apoptotic process *via* its anti-oxidative mechanism (Chen et al., 2012).

Based on the above results, we draw the conclusion that edaravone promotes regeneration of peripheral nerve injury caused by mechanical factors at an early age through alleviating free radical damage to cells, then inhibiting lipid peroxidation and celluar apoptotic effects.

This study had certain limitations. First, the study was not sufficiently powered to conclusively analyze the optimal edaravone dose or the optimal length of edaravone use. More studies are needed to identify the best dose, therapeutic period, safety and efficacy of edaravone for its clinical use in treating mechanical peripheral nerve injury. Second, we did not dissect out the mechanism of action of edaravone in improving function following peripheral nerve injury. Although edaravone is far from being used in patients with mechanical peripheral nerve injury, the present study provides basic theoretical foundation for it.
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